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Abstract

An experimental investigation of the combustion characteristics of nanoaluminum (nAl), liquid water (H2O(l)),
and hydrogen peroxide (H2O2) mixtures has been conducted. Linear and mass-burning rates as functions of pres-
sure, equivalence ratio (Φ), and concentration of H2O2 in H2O(l) oxidizing solution are reported. Steady-state
burning rates were obtained at room temperature using a windowed pressure vessel over an initial pressure range
of 0.24 to 12.4 MPa in argon, using average nAl particle diameters of 38 nm, Φ from 0.5 to 1.3, and H2O2 con-
centrations between 0 and 32% by mass. At a nominal pressure of 3.65 MPa, under stoichiometric conditions,
mass-burning rates per unit area ranged between 6.93 g/cm2 s (0% H2O2) and 37.04 g/cm2 s (32% H2O2), which
corresponded to linear burning rates of 9.58 and 58.2 cm/s, respectively. Burning rate pressure exponents of 0.44
and 0.38 were found for stoichiometric mixtures at room temperature containing 10 and 25% H2O2, respectively,
up to 5 MPa. Burning rates are reduced above ∼5 MPa due to the pressurization of interstitial spaces of the packed
reactant mixture with argon gas, diluting the fuel and oxidizer mixture. Mass burning rates were not measured
above ∼32% H2O2 due to an anomalous burning phenomena, which caused overpressurization within the quartz
sample holder, leading to tube rupture. High-speed imaging displayed fingering or jetting ahead of the normal
flame front. Localized pressure measurements were taken along the sample length, determining that the combus-
tion process proceeded as a normal deflagration prior to tube rupture, without significant pressure buildup within
the tube. In addition to burning rates, chemical efficiencies of the combustion reaction were determined to be
within approximately 10% of the theoretical maximum under all conditions studied.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The combustion of metals with various oxidizers
has been an area of great interest for decades due
to their inherent thermodynamic advantages. Metal
particles by and large possess high heats of combus-
Published by Elsevier Inc. All rights reserved.
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tion and favorable densities, thereby enabling large
energy release per unit volume. Aluminum (Al) has
historically been the primary metal of interest due to
its desirable properties: abundance, insensitivity, and
the stability of reaction products formed, allowing for
maximum heat release. Typically, fundamental stud-
ies of Al particle combustion have involved gaseous
oxidizers such as O2, CO, CO2, and H2O [1–5], but
there has been little work devoted to liquid oxidizer
systems.

The majority of the fundamental work published
to date on Al–liquid oxidizer systems has focused
on using liquid water. The earlier work used Al
films [6] or micrometer-sized Al particles [7–9]; how-
ever, as manufacturing technologies have progressed,
nanoaluminum (nAl) particles have been used [10–
15]. Ivanov et al. [7,8] investigated the effect of
pressure on ultrafine metal aluminum powders in a
mixture of water combined with a thickening agent,
polyacrylamide (3%). It was reported that the mix-
ture would not self-deflagrate without the addition
of the thickening agent into the mixture. At their
maximum test pressure, 7 MPa, the maximum lin-
ear burning rate (rb) achieved was approximately
1.5 cm/s. There was no report of packing densi-
ties; therefore, mass-burning rates (mb) could not be
determined. Shafirovich et al. [10] used 80-nm Al–
liquid water mixtures, also with a polyacrylamide
gelling agent, determining combustion efficiency to
be approximately 50%, while in our other study [15],
combustion efficiencies of greater than 85% were ob-
tained using 38-nm Al–H2O(l) mixtures without the
use of a gelling agent.

The size and shape of metallic fuel particles play
a major role in their combustion. Nanoscale metal-
lic fuel particles offer several significant advantages
over micrometer- and larger-sized particles, includ-
ing reduced melting temperatures, combustion times,
ignition temperatures, and ignition delays. These dif-
ferences are attributed to the fact that reducing parti-
cle size increases the surface-to-bulk-atom ratio and
the specific surface area of the particles, affecting
thermodynamic and heat transfer characteristics. The
shortened burning times (tb), described by the d2-law
of diffusion flame theory (tb,diff ∝ d2

p ) and the d1-
law for kinetically limited combustion (tb,kin ∝ dp),
allow more complete combustion in volume-limited
systems, increasing chemical efficiencies. The effect
of particle diameter on linear and mass-burning rates
of a 38-nm Al–liquid H2O system was studied previ-
ously. It was observed that burning rates per unit area
were inversely proportional to diameter (d−1

p ) [14,
15]. This indicates a diffusion-limited process, since

rb ∝ RR1/2 ∝ t
−1/2
b ∝ d−1

p . However, these stud-
ies were performed at nominal pressures greater than
0.5 MPa; at lower pressures, kinetically limited com-
bustion is expected to occur, altering the burning rate
dependence. This study was also conducted using
only three particle diameters, limiting the accuracy of
the derived fit.

The high specific surface areas of nanoscale parti-
cles also increase adsorption of liquid oxidizers, al-
lowing the fuel to act as a gelling agent, reducing
the need for inert additives traditionally used to gel
liquids such as metal oxides. There are some draw-
backs, however, to the use of smaller particles, par-
ticularly with metal particles that possess an oxide
passivation layer, such as aluminum. Aluminum par-
ticles generally have an inert oxide (alumina) passi-
vation layer 2–5 nm thick. This layer serves an im-
portant purpose, providing the particle with chemical
stability under normal handling and storage condi-
tions; however, the inert nature of the oxide layer re-
duces energy densities. For nanoscale particles, this
layer becomes a significant portion of overall parti-
cle mass, reducing overall heat of reaction per unit
mass and volume. There are several research efforts
under way to reduce or replace this layer with more
energetically favorable coatings using improved man-
ufacturing technologies [16–19], but this problem has
proven difficult to resolve. The primary problem in-
volves maintaining a passivated particle that may
be stored in oxygen-containing environments for ex-
tended periods of time without significant reaction,
while increasing the overall energy density. Research
has also shown that combustion rates and chemical
conversion efficiencies are sensitive to particle shape
as well. Eapen et al. have shown experimentally that
aerosolized spherical aluminum particles in air react
faster and more efficiently than flake aluminum, even
at high “BET diameters” [20].

Hydrogen peroxide (H2O2) is a highly reactive
and storable energetic liquid oxidizer that has been
applied to many combustion applications. Prior to and
during World War II, German scientists demonstrated
the use of H2O2 in catalytically initiated reactions
for submarine, torpedo, and rocket propulsion, as well
as auxiliary power sources [21]. Since World War II,
most combustion studies involving H2O2 have fo-
cused on the performance characteristics of hybrid
rocket engines, using solid or liquid fuels and high
test peroxide (HTP, �85% H2O2) as the oxidizer [22–
26]. Problems with the use of H2O2 systems include
its sensitivity to shock and its tendency to decompose,
usually as a consequence of minute contamination;
when lower concentrations are used this problem is
not significant.

In the present research, the nAl–liquid water sys-
tem has been investigated further by adding H2O2 to
the reactants in order to increase chemical heat release
while maintaining the same “green” reaction products
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Fig. 1. Comparison of various adiabatic flame temperatures
of stoichiometric Al combustion systems with Al vaporiza-
tion temperatures over a range of pressure.

of primarily hydrogen (H2) and aluminum oxide or
alumina (Al2O3):

2Al(s) + 3H2O(l) → Al2O3(s) + 3H2(g)

�HR, 298 K = −409 kJ per mole Al, (1)

4Al(s) + 3H2O2(l) → 2Al2O3(s) + 3H2(g)

�HR, 298 K = −697 kJ per mole Al. (2)

In a study of the Al–H2O(l) reaction and its appli-
cability to space propulsion, it was shown that H2O2
addition would theoretically increase specific impulse
(Isp) as well [27]. Using the NASA Chemical Equi-
librium Applications Program (CEA) [28], adiabatic
flame temperatures of stoichiometric mixtures of Al
with several oxidizers (consisting of air, H2O(l), and
H2O2 mixtures) were calculated as a function of pres-
sure and compared to the Al vaporization temperature
(Fig. 1). Over the entire range of pressures shown,
the Al and air mixtures exhibited flame temperatures
higher than the Al vaporization temperature, while
the calculated Al–H2O(l) mixture flame temperature
is greater than the vaporization temperature only at
pressures below approximately 1.5 atm. Based on
single-particle Al combustion experiments by Bucher
et al. [1], transitions in the combustion mechanisms
may be expected to occur as flame temperatures are
augmented with increasing H2O2 concentration, rais-
ing the adiabatic flame temperature above the alu-
minum vaporization temperature. More specifically,
at flame temperatures below the vaporization temper-
ature, the flame front may be considered to lie at the
molten surface of the Al fuel, typical of heteroge-
neous surface reactions. As the vaporization temper-
ature of the Al is exceeded, the reaction flame front
is extended away from the particle surface, creating
a gaseous diffusion reaction. It is important to note
that the CEA calculations described do not include
an oxide passivation layer, which would be present in
any Al particle reaction, thus lowering adiabatic flame
temperatures.

An interesting aspect of the aluminum, water, and
hydrogen peroxide system is that regardless of the
H2O2 concentration used in the oxidizer, under sto-
ichiometric conditions, the primary reaction products
formed are H2 and Al2O3. The production of hy-
drogen (with heat) allows this combustion system to
be applied in unique ways to various technologies.
In most combustion systems, usable heat and work
are obtained from the initial reaction process and the
expansion of gaseous products, which are no longer
used and are expelled to the surroundings. Due to the
large amount of high-temperature H2 produced from
this simple combustion system, the gas products may
be collected or immediately burned to increase the
overall efficiency and energy release of the process.
The H2 generated allows this system to be used as
a portable source of H2 generation for various tech-
nologies such fuel cells. The system may well apply
to various air-breathing and space propulsion systems
as already mentioned, with or without further com-
bustion of hot H2.

The primary goal of this study was to characterize
the burning process of nAl–H2O(l)–H2O2 mixtures.
In particular, the effects of pressure, equivalence ra-
tio, and H2O2 concentration in H2O(l) solution were
examined in terms of burning rates and chemical
efficiencies. The results of this study will allow a
better understanding of the combustion processes of
simple heterogeneous combustion systems contain-
ing nAl and other metallic particles. It is also im-
portant to understand burning characteristics of sys-
tems such as this to recognize their applicability to
propulsion and H2 generation systems. The funda-
mentals learned from this reaction system also bridge
our level of understanding of gas–solid combustion
systems to more complex solid–solid nanoenergetic
systems such as metastable intermolecular composite
systems (MICs) [29–31].

2. Experimental methods

Two experiments were employed during this in-
vestigation. In order to determine linear and mass-
burning rates, an optical pressure vessel of large vol-
ume was used to monitor the deflagration process
in a quartz tube over time. A smaller closed bomb,
which contained the combustion products after reac-
tions, was used to determine chemical efficiencies.
The aluminum particles, oxidizers, and sample prepa-
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ration were identical, although the sample masses and
loading procedures varied.

2.1. Materials and sample preparation

All experiments conducted during this investiga-
tion used aluminum particles with a nominal diameter
of 38 nm, produced by Technanogy, with an active
Al content of 54.3% by mass, provided by the man-
ufacturer, and confirmed independently to be within
experimental reproducibility using thermogravimet-
ric analysis (TGA). The oxide layer thickness and
specific surface area were reported to be 3.1 nm
and 54.1 m2/g, respectively, by the manufacturer.
A pycnometer test determined particle density to be
3.205 g/cm3, which is inclusive of the oxide passiva-
tion layer (∼3.97 g/cm3), which explains the differ-
ence from bulk aluminum (2.7 g/cm3). A scanning
electron microscopy (SEM) image of the particles
is shown in Fig. 2. Given their small size, they are
fairly spherical and have a relatively narrow size dis-
tribution. A more detailed particle characterization of
similar Technanogy particles has been conducted by
Mang et al. [32].

The nAl particles were mixed in small batches
with unpurified distilled water and hydrogen perox-
ide solution (35 wt% in H2O(l), Sigma-Aldrich, MW
= 34.01, CAS Number 7722-84-1). Before each sam-
ple was mixed, the H2O2 solution was diluted to the
desired H2O2 concentration using the distilled wa-
ter. No attempt was made to refine the H2O2 so-
lution to greater concentrations; therefore 35% was
the highest concentration used in any test. All mix-
ture weight measurements were accomplished using
a Mettler-Toledo analytical balance (AB265-S) with
a readability as low as 0.01 mg. The stoichiometry
of each mixture was calculated based on the value
of the active Al content supplied by the manufac-
turer. The stoichiometric oxidizer-to-fuel mass ratio
is approximately 1, decreasing slightly with H2O2
concentration. Each sample was measured into and
mixed in small polyethylene bags by hand for a min-
imum of 5 min or until all noticeable agglomerates
were dispersed. Mixing times generally varied from 4
to 6 min. Stoichiometric mixtures become a slightly
damp black powder after mixing, whereas under fuel-
lean conditions, the mixture was wet and behaved as
a thick clay mud. An image of these mixtures, as well
as additional details of the experiments and proce-
dures, may be found in a previous publication [14]. In
all experiments, the fuel and oxidizer mixtures were
mixed in small batches and promptly loaded into the
desired experiment in order to avoid any oxidizer loss
through vaporization or slow, low-temperature reac-
tions.
Fig. 2. SEM micrograph of Technanogy 38-nm aluminum
particles (courtesy of Ed Roemer, Los Alamos National Lab-
oratory).

Fig. 3. Schematic of windowed pressure vessel used for
burning rate measurements.

2.2. Burning rate measurements

The steady state linear and mass-burning rates of
the nAl, H2O(l), and H2O2 mixtures were acquired
using a pressure vessel under well-controlled oper-
ating conditions in argon (Ar), shown schematically
in Fig. 3. The vessel, constructed of stainless steel,
is equipped with four optical viewing windows and
has a total free volume of 23 L to minimize pressure
variations due to gas evolution during the combus-
tion process. Prior to ignition, the vessel was brought
to the desired initial pressure by regulating the flow
of Ar through inlet and exhaust valves. Once the de-
sired pressure was reached, a continuous purge of
Ar was maintained in order to prevent exhaust gases
from obstructing the viewing windows. One of the
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Table 1
Packing densities of various mixtures

Φ Particle
diameter (nm)

H2O2
(wt%)

Packing density
(g/cm3)

1.00 38 0 0.726 ± 0.028 [14]
1.00 38 10 0.662 ± 0.017
1.00 38 25 0.669 ± 0.017
1.00 38 35 0.673 ± 0.021
0.50 38 0 1.384 ± 0.030 [14]
0.67 38 0 1.478 ± 0.030 [14]
0.75 38 0 1.055 ± 0.018 [14]
1.25 38 0 0.731 ± 0.016 [14]

optical viewports of the chamber was used for real-
time recording of the combustion process by a digital
video camera, while the opposite viewport was used
for backlighting the sample. Backlighting was accom-
plished using a single external light source that was
optically diffused to distribute light evenly.

Using the procedure previously outlined, the fuel
and oxidizer were mixed into the desired compo-
sition. Immediately after mixing, the sample was
loaded into 10-mm-diameter (8-mm-I.D.) quartz tubes
approximately 75 mm long. Each tube was closed off
at one end using hot craft glue and a small amount of
modeling clay. The mass and volume of each mixture
were measured after the tube was loaded to deter-
mine the packing density (ρ). Table 1 displays the
packing densities for various mixture compositions
and their associated standard deviations. A small ig-
nition booster, made of double-base gun propellant
(NOSOL 363), threaded over a piece of Nichrome
wire was placed on top of the loaded sample. The ends
of the Nichrome wire were attached to wire leads, al-
lowing a power supply to be connected via electrode
feedthroughs after the strand assembly was loaded
into the pressure vessel. Once the strand assembly
was loaded, and all wire and gas connections were
made, pressurization of the chamber was initiated.
Chamber pressure was measured using a Setra 206
(0–5000 psig) pressure transducer. A Nicolet Genesis
multichannel data acquisition system monitored and
recorded the pressure transducer outputs as a func-
tion of time at a standard sampling rate of 1000 Hz.
The luminous combustion wave was recorded us-
ing the digital video camera, allowing linear burning
rates to be determined by tracking the position of the
reaction front over time. Linear burning rates (rb)

were converted to mass burning rates per unit area
(mb = ρ × rb) in order to account for small variations
in the packing densities [15].

2.3. Localized pressure measurements

To better characterize the burning of these mix-
tures, localized pressure measurements were con-
Fig. 4. Experimental setup used for localized pressure mea-
surements (sample tube is shown partially removed from the
steel block for viewing purposes).

ducted by drilling 1/32-inch-diameter holes into the
quartz tubes, isolating them, and connecting a pres-
sure transducer through small pressure taps. This was
accomplished by mounting the tube into a specially
machined stainless steel block, which allowed up to
six fast-response dynamic pressure transducers (PCB
Model 111A22) to be placed along the length of the
tube at 1-cm intervals, shown in Fig. 4. To reduce er-
rors in the pressure transducer output due to thermal
shock, an extra sealing ring was used with the trans-
ducers to displace them an extra 0.015 in. (0.381 mm)
from the sample tube. Room temperature vulcanizing
(RTV) silicone was used as a barrier material between
the hot combustion gases and the transducer face as
well. In addition to these six pressure sensors, a sev-
enth PCB transducer was used to monitor the changes
in chamber pressure, in addition to the diaphragm Se-
tra transducer. To ensure that the pressure transducers
and tapped holes in the quartz tubes lined up correctly,
a small alignment tab was created, which allowed the
tubes to be aligned and fixed into position with a small
set screw and then loaded with the nAl and oxidizer
mixture separately. The Genesis data acquisition sys-
tem was used as in the burning rate measurements,
with sampling rates as high as 0.5 MHz.

2.4. Combustion efficiency measurements

Chemical combustion efficiencies were deter-
mined using a closed bomb chamber coupled to a gas
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Fig. 5. Schematic of the closed bomb chamber coupled to a
gas chromatograph.

chromatograph (GC), shown in Fig. 5. The chamber,
constructed of stainless steel with a total free volume
of 156 cm3, is able to withstand pressures beyond
34 MPa. The chamber has multiple access ports to al-
low for pressure transducers, inlets, and exhausts, as
well as feedthroughs for electrical connections. Static
pressures were monitored using a Setra 206 pressure
transducer, and a fast-response PCB transducer was
utilized for dynamic measurements. Using the sample
preparation guidelines described, the fuel and oxi-
dizer mixture was loaded into a small quartz crucible,
with a total free volume of 7 cm3. In each experiment,
roughly 1 g of mixture was used, to maintain consis-
tency between tests. The crucible and sample were in-
stalled in the vessel using a small platform suspended
from the lid of the chamber. A coiled Nichrome wire
was also fitted into the crucible and connected to two
separate electrode feedthroughs to serve as an ignition
source. Once the chamber was assembled and sealed,
it was purged with argon a minimum of three times
to remove nitrogen and oxygen from the system. The
Nicolet Genesis multichannel data acquisition system
was used to monitor and record pressures at a sam-
pling rate of 5 kHz.

To quantify the chemical efficiency of each test,
an Agilent GC (MicroGC 3000) was used to mea-
sure the H2 concentration in the combustion chamber
after each sample was ignited and solid by-products
were allowed to settle. The output from the GC was
compared to a calibration curve to determine the volu-
metric concentration of the H2 present in the chamber
([H2]meas). The calibration curve was created by sam-
pling from a specified flow of Ar and H2 regulated
using two Teledyne Hastings 200 Series mass flow
controllers. The overall chemical efficiency, ηchem,
was calculated using the ratio of the measured H2 to
the maximum theoretical H2 formed from the com-
bustion reaction (ηchem = [H2]meas/[H2]theor).

The maximum theoretical H2 concentration in the
chamber after combustion is based on the amount of
Ar used to pressurize the chamber prior to testing, as
well as the masses of the various mixture constituents
(Al, Al2O3, H2O, and H2O2). The primary assump-
tion of the theoretical calculation is that the combus-
tion reaction is complete with no dissociation, leaving
only H2 in the gas phase, and all other product species
(Al, Al2O3, H2O, etc.) in liquid or solid form. Any
water vapor that may be present is neglected. Due to
the small sample mass used during testing and the
short combustion times, these assumptions are justi-
fied, as the system is cooled to nearly room tempera-
ture by the time sampling takes place, solidifying the
alumina, condensing any steam present, and recom-
bining available H atoms to H2. Note that equilibrium
calculations show that no more than approximately
1% H2O (molar) is formed during combustion.

Using the assumptions mentioned, the maximum
theoretical H2 concentration was found by initially
determining the amount of Ar present in the cham-
ber prior to combustion. This was achieved using the
pressure (P ) and temperature (T ) of the Ar gas, as
well as the free volume (V ) of the test chamber. The
pressure was known from the static pressure trans-
ducer output, while the temperature in the chamber
was assumed to be in equilibrium with the surround-
ings, allowing temperature to be monitored externally.
The free volume of the chamber was also carefully de-
termined, taking into account all volumes displaced
or added due to the crucible, feedthroughs, valves,
supports, etc. Since the Ar was at room temperature
(21–24 ◦C), at high pressures the compressibility fac-
tor (Z) of the Ar gas is reduced, creating calculated Ar
mass inconsistencies of greater than 5% (Z = 0.945
at 2000 psia) between ideal gas theory and tabulated
data, as reported by the National Institute of Standards
and Technology (NIST). Due to these differences,
NIST database software (NIST12, an abbreviated ver-
sion of NIST REFPROP) [33] was used to determine
the Ar densities, and therefore masses, for all theoret-
ical chemical efficiencies.

The amounts of nAl and liquid oxidizers used in
each run were directly calculated during the mixing
process using the analytical balance, assuming an ac-
tive Al particle content of 54.3%, no evaporation of
liquid oxidizers, and uniform mixing. With the ex-
act masses of the reactants known, a maximum H2
production could be determined. With the assumption
that H2 and Ar are the only gas phase species present
in the chamber after combustion, calculation of the
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Fig. 6. Captured images of the normal deflagration process
of a nAl–H2O–H2O2 mixture.

theoretical H2 concentration ([H2]theor) is straightfor-
ward.

3. Results and discussion

The linear burning rates were determined by mea-
suring the combustion wave front propagation from
recorded video. Fig. 6 illustrates a typical combustion
process within the quartz sample tube using a stoi-
chiometric mixture of nAl, H2O(l), and 10% H2O2.
The image of the normal deflagration shows that a
steady, flat reaction front is obtained shortly after ig-
nition. The flame front is shown to exist at the surface
of the reactant mixture, indicative of a heterogeneous
surface ignition and reaction. The extremely lumi-
nous region above the wave front is molten alumina
(Al2O3) radiating at a high temperature. Fig. 7 shows
a trajectory plot (distance vs time) of stoichiometric
mixtures with different H2O2 concentrations, exem-
plifying that nearly steady state deflagrations occur,
as evident from the linearity of the data. These figures
indicate, at least from a macroscopic perspective, that
packing densities and reactant mixing are fairly uni-
form within the tube. The trajectory plot also shows
the effect of H2O2 concentration on the burning rates,
substantially increasing the rate of reaction with in-
creasing concentration. In a previous study of nAl and
liquid water mixtures, a significant amount of the alu-
mina formed during the reaction remained in the tube
for the slow-burning-rate mixtures [11,14]. In the cur-
rent study, the addition of H2O2, excluding very lean
conditions, caused the majority of the molten alumina
to be carried out the top of the tube by the generated
H2 flow and condense in the pressure vessel, leaving
Fig. 7. Trajectory plots of typical deflagrations with varying
H2O2 concentrations.

Fig. 8. Effect of H2O2 concentration on the mass burning
rate per unit area.

only the walls of the quartz tubes coated with alu-
mina.

Using the captured video images, the linear and
mass-burning rates were determined as functions
of the H2O2 concentration under nearly constant-
pressure conditions (∼3.65 MPa). Using the mixture
packing densities, the mass-burning rates per unit
area were determined from the linear burning rates
(Fig. 8). The H2O2 concentration is observed to have
a dramatic effect on the combustion process, increas-
ing the mass-burning rate per unit area by more than
a factor of 5 from 0 to 32% H2O2. Both the linear and
mass-burning rates appear to increase exponentially
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Fig. 9. Captured high-speed camera images of the combus-
tion wave progress of a nAl–H2O–H2O2 mixture.

with H2O2 concentration. Burning rates were not de-
termined at higher concentrations due to a change in
burning behavior at higher concentrations. Captured
images from a high-speed digital video camera (Vi-
sion Research Phantom v5.3) of one of these cases
(33% H2O2 and 3.65 MPa) are presented in Fig. 9.
Notice that shortly after ignition the combustion
wavefront appears to propagate steadily in a normal or
layer-by-layer mode, as typically found at lower con-
centrations. However, approximately two-thirds the
way down the tube, the wavefront jumps forward by
“fingering” or “jetting” through the bed, causing the
tube to rupture due to overpressurization. This anoma-
lous burning phenomenon was observed not only in
the quartz tubes, but also in wax paper tubes, where
much of the walls are consumed near the luminous
front, eliminating chances of confinement or pressure
increases due to condensed phase product buildup.
The change in the deflagration process has some indi-
cations of a transition between normal deflagration, or
conduction-heat-transfer-dominated combustion, to
convective burning, which is described as the break-
down of normal surface burning of a gas-permeable
system as a result of penetration of combustion prod-
ucts into the reactant bed [34], or a deflagration wave
whose propagation rate is controlled by convection
via rapid penetration of hot gases [35]. However, there
is one main characteristic of these mixtures that does
not match previously reported conditions of convec-
tive burning of solid combustibles. At high H2O2
concentrations (> ∼33%) and low pressures (slightly
above 1 atm), which demonstrate rather low burn-
ing rates prior to tube rupture compared to lower
H2O2 concentrations at high pressure, the anoma-
lous burning phenomenon is also observed, causing
tube rupture. With 25% H2O2 concentrations, rela-
tively high burning rates could be obtained at high
pressures (39.4 cm/s at 13.0 MPa, Φ = 1) without
overpressurization. This indicates that the chemical
makeup of the reactant mixture, i.e., the H2O2 con-
centration, plays the dominant role in transition in
Fig. 10. Localized pressure measurements during the com-
bustion of a stoichiometric mixture with 33% H2O2.

combustion dynamics, as opposed to burning rate and
pressure, which is most often used to characterize the
transition to convective burning in granular solid pro-
pellants and explosives. As a caveat, mixtures of the
nAl powders with high concentrations of hydrogen
peroxide appeared fairly sensitive to ignition and re-
acted quickly in open air, making them potentially
very dangerous, even in small quantities.

To further investigate the combustion process at
high H2O2 concentrations, pressure measurements
along the length of the tube during burning were
made. It was hypothesized that at high H2O2 concen-
trations the pressure may locally increase at the flame
front as a result of exhaust gases being choked by alu-
mina accumulation within the tube, reactant decom-
position in the preheat zone of the combustion wave,
or compaction of the particle bed, causing the prop-
agation mechanism to transition. Fig. 10 shows the
pressure measurements at various locations along the
sample tube for an experiment in which overpressur-
ization did occur. Also shown is the chamber pressure,
which increases steadily during the combustion pro-
cess due to the gas evolution from the reaction. Notice
that the localized pressure measurements all increase
at roughly the same rate as the chamber pressure prior
to the overpressurization, which is shaded in Fig. 10.
A magnified view of the overpressurization is shown
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Fig. 11. Localized pressure measurements during an over-
pressurization of the quartz sample tubes.

in Fig. 11. From Fig. 10 the position of the combus-
tion wave front as it propagates down the tube may be
located from small pressure spikes (<10 psi) at 1, 2,
3, and 4 cm down the tube. The burning rate deduced
from the spike locations is essentially the same rate
as obtained from the photographic burning rate re-
sults, and the process is practically constant-pressure,
since the pressure deviation of the spikes is only a
small percentage of the system pressure. These re-
sults indicate that prior to the overpressurization the
burning process is progressing in a normal manner.
The results of Fig. 11 show that there is a small peak
in pressure at the fifth pressure transducer, just prior
to the overpressurization, where momentary pressures
greater than 13.5 MPa are observed. The combus-
tion wave was somewhere between the fifth and sixth
transducers when the process changed dramatically.
This is determined because of the small peak at the
fifth port, followed less than a millisecond later by the
overpressurization, for which the maximum pressures
are seen at the fifth and sixth transducers. Peak pres-
sures decreased with distance from the bottom two
pressure taps of the tube, further indicating that the
overpressurization occurs in the lower part of the tube.
Meanwhile, the chamber pressure was relatively unaf-
fected.

In order to understand the thermodynamic influ-
ence of the increased H2O2 concentration on the com-
bustion process, equilibrium calculations were per-
formed using the NASA CEA program. These calcu-
lations accounted for the use of 38-nm Al particles
and an active aluminum content of 54.3% by incorpo-
rating the alumina into the reactant mixture. Fig. 12
illustrates the influence of the H2O2 concentration on
Fig. 12. Equilibrium calculations of the product mole frac-
tions and adiabatic flame temperatures at varying H2O2 con-
centration.

the adiabatic flame temperature as well as the pri-
mary product mole fractions. From the figure, the
flame temperature increases by approximately 600 K
from 0 to 35% H2O2 for stoichiometric conditions.
Comparing Fig. 12 to Fig. 1, the influence of inert
Al2O3 addition reduces the flame temperature more
than 150 K at 35% H2O2. In terms of the combus-
tion products formed, the primary final products are
H2 and Al2O3, as expected. Alumina is present prior
to the reaction as the Al particle passivation layer,
and is formed during the fast Al oxidation process of
the combustion reaction. Under stoichiometric con-
ditions, the alumina is roughly 30% by mass of the
reactant mixture when the 54.3% active Al particles
are used under all H2O2 concentrations. This alumina
is essentially a heat sink and diffusion barrier, under-
going phase changes during the combustion process,
and reducing the maximum reaction temperatures.
This further emphasizes why even small reductions
in this inert layer, while maintaining particle passiva-
tion for sensitivity and storage concerns, would make
a large contribution to the propulsion, power, and ex-
plosives community. A more interesting point con-
cerning the presence of the oxide layer is that the
mixture temperature lies below the Al vaporization
temperature (∼3870 K at 3.65 MPa, from Fig. 1). In
the homogeneous limit of mixed reactants, this tem-
perature implies that the combustion process would
be heterogeneous, and not the vapor-phase combus-
tion more typical of large-diameter Al particles in
air, where a diffusion flame encompasses the parti-
cle. Hydrogen, the second of the two primary com-
bustion products, is maintained at relatively the same
level over the range of H2O2 concentrations consid-
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Fig. 13. Captured high-speed video images of combustion wave transitions at high H2O2 concentrations.
ered, decreasing only slightly. The small reduction of
H2 produced with increasing H2O2 is explained by
the increased addition of Al into the reactant mix-
ture to maintain stoichiometry. The increased flame
temperatures also increase the amount of dissocia-
tion, i.e., primarily H2 molecules dissociating to H
atoms. However, the majority of the H atoms pro-
duced most certainly recombine to form H2 or H2O
if the products are allowed to cool. In terms of the
transition to convective burning found at high H2O2
concentrations, the information ascertained from the
equilibrium calculations does not point to a specific
change in the system leading to the overpressuriza-
tion of the sample tubes. However, the equilibrium
calculations assume a homogeneous reactant mixture,
which does not describe the actual reactants correctly.
In reality, localized reactions may produce large con-
centrations of nonequilibrium species as well as flame
temperatures greater than equilibrium conditions over
the course of the combustion process.

The addition of H2O2 was examined in more de-
tail by considering its decomposition process alone,
and how it may couple with aluminum combustion.
Hydrogen peroxide is known to undergo an exother-
mic decomposition process, forming water vapor and
molecular oxygen products, with primary interme-
diate radical species of OH and HO2. Equilibrium
calculations indicate that this decomposition process
can increase the reactant bed temperature more than
150 K at higher H2O2 concentrations and pressures;
however, these temperatures are well below the pre-
dicted ignition temperature of the 38-nm particles
(i.e., ∼750 K, based on DSC-TGA measurements).
Additionally, the homogeneous H2O2 decomposition
process is rather slow at lower temperatures. How-
ever, previous studies indicate that H2O2 decomposi-
tion rates may be greatly increased by using a hetero-
geneous catalysis process. A recent study has shown
increased liquid H2O2 decomposition rates in the
presence of water and alumina particles [36]. The va-
por phase decomposition process is known to be het-
erogeneously catalyzed in the presence of aluminum
oxide as well [37]; both processes show an oxide
surface area (i.e., active area) dependence. Based on
the results of these studies, the presence of the wa-
ter and the high-surface-area Al2O3 and Al particles
increases the decomposition rates of hydrogen per-
oxide, forming O2 as well as OH and HO2 radicals.
The partial pressure of these gas phase species is de-
pendent on the initial H2O2 concentration alone, and
is independent of system pressure. The production
of these species, which have much faster oxidation
kinetics than water vapor, increases reaction rates,
reduces flame thickness, and may create localized
“hot spots” within the reactant mixture. The surface-
catalyzed decomposition of hydrogen peroxide also
increases localized pressure, as 1.5 gas phase moles
(i.e., H2O + 0.5O2) are formed per mole of H2O2.
These factors allow for the transition in the combus-
tion process.

Based on the results from the high-speed videos,
the localized pressure measurements, and the ther-
mochemical studies of H2O2, it is believed that the
transition in the combustion process is due to a com-
bination of decomposition (particularly of H2O2, due
to the apparent critical concentration) and the com-
paction of the reactant bed, which creates a gap be-
tween the bed and the tube wall large enough for wave
propagation. Analysis of the high-speed videos shows
that in the cases of tube rupture the combustion wave
stalls or slows momentarily, which is not seen with
the standard video camera (see Fig. 13). The stalling
process indicates that the bed is compacting, increas-
ing in density, or that a heat sink is encountered, such
as increased phase transformation in the reactant bed.
Shortly after stalling, the video shows the wave mov-
ing along the walls of the tube very quickly and then
propagating into the bed through cracks. This flame
spreading and fingering down the tube walls and into
cracks greatly increases the surface area of burning,
which quickly generates enough gas to overpressur-
ize and shatter the tube.

Further characterization of the Al–H2O–H2O2
mixtures was accomplished by examining the effects
of the pressure and overall mixture equivalence ra-
tio on burning rates. Fig. 14 illustrates the effect of
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Fig. 14. Effect of equivalence ratio on mass burning rate per
unit area.

Φ on the mass-burning rate using an aqueous oxi-
dizer solution of 10% H2O2 at a nominal pressure of
3.6 MPa. For comparison, burning rates of mixtures
containing no H2O2, reported by Risha et al. [15]
are shown as well. The figure demonstrates that the
mixture containing H2O2 reacts to changes in Φ sim-
ilarly to the mixture without H2O2. As in the pure
H2O mixtures, slightly fuel-rich mixtures appear to
burn as fast as or faster than the stoichiometric mix-
tures. For the mixtures containing 10% H2O2, the
highest burning rate occurred at Φ = 1.13. For lean
mixtures, the burning rate drops off rapidly below Φ

of 0.75. It is interesting to note that under very lean
conditions, the burning rates of both mixtures (with
and without H2O2) are nearly the same. Equilibrium
flame temperatures were calculated using CEA and
are shown in Fig. 15 for varying equivalence ratios.
Also shown in the figure are the effects of the oxide
passivation layer, further illustrating the reduction in
flame temperature. Noteworthy is the effect of the alu-
mina creating the unique-shaped temperature profiles,
in which the flame temperature is strongly correlated
with the melting temperature of the oxide under fuel-
lean and -rich conditions. Furthermore, for overall Φ

of less than approximately 0.6 and 0.8 for 10% and
0% H2O2, respectively, the mixture temperature is
less than the oxide melting temperature. This condi-
tion could suggest that oxidation of the Al particles
within the oxide shell is not promoted by melting
of the oxide layer, but by damage to the shell from
thermal or mechanical stresses, such as Al melting.
However, since the mixture is quasi-homogeneous,
local regions of higher temperature likely occur and
the oxide may melt.

The effects of pressure on the overall mixture
burning rates are shown in Figs. 16 and 17. Fig. 16
illustrates the mass-burning rates for three separate
stoichiometric mixture compositions (0, 10, and 25%
Fig. 15. Equilibrium flame temperatures of 38 nm Al–H2O
mixtures with and without H2O2 (compared to the alumina
melting temperature).

Fig. 16. Effect of pressure on mass burning rate per unit
area and equilibrium flame temperature under stoichiometric
conditions.

H2O2) over a range of pressures from slightly above
atmospheric pressure up to 12.4 MPa. Clearly demon-
strated is that the addition of H2O2 to the nAl–H2O(l)
mixtures greatly increases energy release and there-
fore increases the burning rate over a large pres-
sure range. Although burning rates are increased, all
the mixtures exhibit nearly the same pressure depen-
dence. In the three cases shown, burning rates begin
to become independent of pressure at levels above
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Fig. 17. Pressure dependence and burning rate formulas of
stoichiometric mixtures of 0, 10, and 25% H2O2.

approximately 5 MPa. This transition in pressure de-
pendence is explained by the void space in the packed
mixture, which becomes progressively more occupied
by argon as pressure is increased, acting a heat sink
or diluent in the reactant mixture [15]. The affect of
argon as a diluent is illustrated by the temperature
curves in Fig. 16. Using the average packing density
of the 25% H2O2 stoichiometric mixtures (36% of
maximum theoretical), the void space and equilibrium
flame temperatures were computed. As in the earlier
work, this flame temperature reduction corresponds
directly to the change in the pressure dependence of
the linear and mass burning rates.

Fig. 17 displays the pressure dependence of the
same three mixtures up to 5 MPa. From the pressure
exponents in the burning-rate formulas, it is shown
that all three mixtures exhibit similar pressure de-
pendencies. The low exponents (near 0.5) suggest an
overall first-order chemical reaction process (ρ×rb =
mb ∝ Pn/2). Equilibrium calculations were also per-
formed as a function of initial pressure. The results
indicated an increase in temperature with increasing
pressure (Fig. 1), with the reaction products being
relatively unaffected, except for reductions in radical
formation.

Chemical efficiencies were determined using the
closed bomb (Table 2). Uncertainties in the efficien-
cies are also shown, determined by the propagation-
of-error equation accounting for standard deviation in
GC sampling and calibration, as well as the uncer-
tainty in test measurements, such as pressure, mass,
and temperature. Only select efficiencies are reported,
since the overall efficiencies did not vary substan-
tially over the entire pressure and H2O2 concentra-
tion ranges considered. In previous studies without
Table 2
Chemical efficiencies for stoichiometric nAl–H2O–H2O2
mixtures

Particle
diameter (nm)

H2O2
(wt%)

Pressure
(MPa)

Chemical
efficiency (%)

38 0 3.48 96.8 ± 2.5
38 5 3.65 88.9 ± 5.9
38 10 3.33 93.1 ± 8.1
38 20 3.23 97.6 ± 6.3
38 30 3.35 96.6 ± 4.7
38 35 3.48 101 ± 2.5
38 10 0.45 96.3 ± 3.8
38 10 0.74 94.5 ± 3.5
38 10 2.10 96.3 ± 5.1
38 10 4.96 94.0 ± 4.6
38 10 7.54 100 ± 11.6
38 10 8.80 101 ± 7.5

H2O2 [15], chemical efficiency was found to vary
with particle diameter, and not significantly with pres-
sure, displaying only a very small dependence, except
for pressures near 1 atm. The slight pressure depen-
dence is illustrated in the table. Since 38-nm par-
ticles were used in this study, compared to the 80
and 130 nm of [15], all efficiencies were generally
within 10% of the theoretical maximum, regardless of
the H2O2 addition, indicating that combustion tem-
peratures are high enough to reduce reaction times
and oxidize nearly the entire Al particle. Since larger
particles are preferable for H2 generation due to the
greater active Al content (and hence greater gravimet-
ric and volumetric H2 densities are possible), H2O2
addition to mixtures containing larger particles, or bi-
modal distributions of particles, may be a means to
increase chemical efficiencies compared to the pure
H2O oxidizing systems. Additions of high-hydrogen-
content compounds such as metal hydrides or borohy-
drides to Al–H2O mixtures have also been considered
to increase H2 generation yields [12].

As with strand burning rate measurements, inter-
esting observations were also made at high H2O2
concentrations in the closed-bomb experiments. Us-
ing 35% H2O2 concentrations, the quartz crucibles
used to hold the reactants would shatter during the
combustion process. Unlike the burning-rate exper-
iments where the mixtures were packed tightly into
narrow quartz tubes, the reactants in the chemical ef-
ficiency tests were less confined, given that the cru-
cibles had 0.75-in. inside diameters and the reac-
tants were not packed. Additionally, depending on the
H2O2 concentration used, the visual appearance of
the condensed phase reaction products changed. At
lower concentrations, the product either caked onto
the upper surface of the cell or fell to the bottom as
particles with diameters on the order of a millime-
ter. The products caked onto the top of the chamber
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Fig. 18. Pressure vs time profiles of closed bomb tests using
stoichiometric nAl–H2O–H2O2 mixtures.

were white, except for the surface contacting the cell,
which was grayish in color, suggesting that some of
the products were quenched prior to complete oxi-
dation. Many of the particles formed also displayed
some grayish coloring as well. As H2O2 concentra-
tions increased, product particle size was reduced,
and at very high concentrations (>30%), the majority
of product formation consisted of a fine white pow-
der that coated much of the internal cell components.
These trends also suggest that at the highest H2O2
concentrations, much of the aluminum burns in the
vapor phase, yielding nanoaluminum oxide particles
that formed during a gas phase condensation process.

Pressure profiles within the closed bomb as a func-
tion of the H2O2 concentration and time are shown
in Fig. 18. The addition of H2O2 is shown to in-
crease the initial pressurization rates and peak pres-
sures, consequently reducing ignition delay times. At
the highest H2O2 concentration shown, the induction
period appears almost nonexistent, as the pressure
spikes abruptly compared to the nAl–H2O mixture.
In the previous study by Risha et al. [11,15], using
the identical experimental setup, it was found that at
elevated pressures, the initial pressurization rate was
nearly constant, while at atmospheric pressure, the
pressurization rate was orders of magnitude lower,
most likely due to the lower reaction rates and smaller
heat losses to the surroundings.

4. Conclusions

The combustion of nanoaluminum, liquid water,
and hydrogen peroxide has been characterized for a
broad range of pressures, equivalence ratios, and con-
centrations of H2O2. This work has extended previ-
ous studies, which considered solely the nAl–liquid
water system and explored a range of particle sizes.
The major conclusions of this work are as follows:

1. The addition of H2O2 to quasi-homogeneous
mixtures of nAl and liquid H2O significantly
increases combustion heat release, flame tem-
peratures, and linear and mass-burning rates.
At 3.65 MPa, linear and mass-burning rates in-
creased by more than a factor of 5 between 0 and
32% H2O2.

2. Mass-burning rate pressure exponents of 0.44
and 0.38 were obtained for stoichiometric mix-
tures of nAl and liquid H2O containing 10%
and 25% H2O2, respectively, which is nearly the
same value found for the pure H2O system. From
simple flame theory, the apparent pressure expo-
nents suggest a first-order overall reaction pro-
cesses, since the exponents are close to 0.5. Pres-
sure dependence of the mass-burning rates for the
38-nm aluminum particles is lost above approxi-
mately 5 MPa, an effect of the void space in the
reactant mixture, which is pressurized with ar-
gon, acting as a heat sink.

3. The burning rates and adiabatic flame tempera-
tures strongly depend on Φ , particularly in the
fuel lean regime. The largest burning rates oc-
curred at a Φ slightly greater than 1.0 for a mix-
ture with 10% H2O2 oxidizer concentration.

4. Equilibrium calculations show that the adiabatic
flame temperatures are significantly affected by
the H2O2 concentration of the reactant mixture,
the pressure, the amount of oxide coating the
particles, and the diluent gas filling voids in the
reactant mixture. Increases in system pressure
and H2O2 content increase temperatures signif-
icantly, while the alumina passivation layer may
decrease the flame temperatures by more than
500 K, depending on the mixture composition
and active Al content of the particles. At high
pressures, burning rates may be suppressed due
to pressurization of interstitial spaces in the re-
actant bed with inert gases, which lowers flame
temperatures.

5. Above approximately 32% H2O2, anomalous
burning of the reactant mixture is observed,
causing the quartz strands to overpressurize and
rupture. This phenomenon was observed at low
pressures (∼2 atm), indicating an apparent criti-
cal H2O2 concentration, as opposed to a critical
pressure, which implies that aluminum oxidation
by H2O2 and its decomposition species (i.e., O2,
OH, HO2) is driving the reaction into cracks in
the reactant bed.
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6. Chemical efficiencies of stoichiometric mixtures
of 38-nm Al particles with H2O(l) and H2O2 are
generally greater than 90% and approach the the-
oretical maximum at high pressures and H2O2
concentrations.

7. Increased H2O2 concentration of the oxidizing
solution reduces ignition delay times, increasing
reaction and pressurization rates.
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